RIGHT VENTRICULAR infarction (RVI) can precipitate low-output syndrome in some patients with acute myocardial infarction.' 9 RVI occurs primarily in the setting of acute inferoposterior infarction of the left ventricle.'0' 11 Noninvasive techniques detect involvement of the right ventricle in 3040% of patients with transmural inferoposterior infarcts, 162l but lowoutput syndrome occurs in only a small percentage of these patients.12 Clinically, severe RVI is characterized by a low-output state and signs of predominant right-heart failure, with little or no evidence of leftheart failure. Hemodynamic evaluation usually demonstrates low cardiac output and disproportionate elevation of RV filling pressure. In some patients, the ventricular diastolic pressures equalize, which suggests pericardial constriction or tamponade.2 8 9
RIGHT VENTRICULAR infarction (RVI) can precipitate low-output syndrome in some patients with acute myocardial infarction.' 9 RVI occurs primarily in the setting of acute inferoposterior infarction of the left ventricle.'0' 11 Noninvasive techniques detect involvement of the right ventricle in 3040% of patients with transmural inferoposterior infarcts, 162l but lowoutput syndrome occurs in only a small percentage of these patients.12 Clinically, severe RVI is characterized by a low-output state and signs of predominant right-heart failure, with little or no evidence of leftheart failure. Hemodynamic evaluation usually demonstrates low cardiac output and disproportionate elevation of RV filling pressure. In some patients, the ventricular diastolic pressures equalize, which suggests pericardial constriction or tamponade.2 8 9 Marked RV systolic dysfunction is a probable mechanism underlying the low-output syndrome. Alternatively, increased intrapericardial pressure, consequent upon marked dilatation of the right-heart chambers due to RVI, may compromise left ventricular (LV) filling and thereby precipitate a low-output state. The significance of these mechanisms in the genesis of the low-output state associated with severe RVI needs to be delineated. Therefore, we undertook this study to determine whether RV systolic dysfunction can produce a low-output state in the absence of concomitant primary LV dysfunction, and to determine whether increased intrapericardial pressure is an important mechanism in the hemodynamic abnormalities of RVI.
Methods
To produce isolated RVI by selective intracoronary injection of mercury, 15 mongrel dogs that weighed 20-30 kg were anesthetized with i.v. sodium pentothal, 20 mg/kg. The dogs were intubated and ventilated by a volume respirator with room air and supplemental oxygen. Anesthesia was maintained with i.v. alpha chloralase, 60 mg/kg. The dogs were prepared as follows for hemodynamic measurements. A triple-lumen thermodilution catheter (Edwards Laboratories) was inserted into the pulmonary artery through the femoral vein. Solid-state catheter-tipped pressure transducers (model PC480, Millar Instruments) were inserted into the right ventricle and left ventricle through the right internal jugular vein and left carotid artery, respectively. We measured aortic pressure with a cardiac catheter and an external pressure transducer (Statham P23Db) . A median sternotomy was performed and the pericardium partially opened with a lateral incision originating at the pericardial reflection on the aorta and continuing 3-4 cm toward the right atrial appendage. An electromagnetic flow probe (model 501, Carolina Medical Electronics) was placed around the ascending aorta.
To secure an access line for injecting intracoronary mercury, the right coronary artery was dissected from its origin for approximately 2 serted into the pericardium on the anterior surface of the heart at the level of the interventricular sulcus. The pericardium was closed edge to edge and a small gap was left near the pericardial reflection on the aorta where the pericardial catheter and pacing wires exited. The hearts were paced at an average of 130 beats/min to maintain a constant rate throughout the experiment. Prophylactic antiarrhythmic therapy was initiated with i.v. procainamide (loading dose 10 mg/kg) slowly administered approximately 20 minutes before control recordings. To assess changes in RV and LV size, two-dimensional echocardiography was performed using a wide-angle (800), phased-array scanner and a 3-MHz transducer (model V-3000, Varian). The heart was imaged from a subdiaphragmatic approach. A hand-held transducer was placed intraabdominally through a small midline epigastric incision, and directed at the apex of the heart using the diaphragm as a window. A long-axis two-chamber view of both ventricles, oriented according to the interventricular septum and atrioventricular valve planes, was obtained. The transducer was then angled to maximize first RV and then LV diastolic size and to obtain a clear endocardial outline of the respective cavities. The images were recorded on ½/2-inch videotape. Ventricular diastolic size was analyzed using a light-pen microcomputer system (Varian).
Data Collection
Arterial blood gases and pH were monitored frequently. The ventilator was adjusted and bicarbonate administered to maintain Po2 and pH in the normal range. Core body temperature monitored by rectal probe averaged 36°C. Hematocrit was monitored and averaged 41%. The reference lumens of the RV and LV transducer-tipped catheters were connected with a manifold to the pressure transducer used to measure pericardial pressure. This transducer had been balanced to atmospheric pressure at the midplane of the left ventricle. Before and after each recording, the RV and LV diastolic pressures measured with the solid-state transducers were compared with pressures measured through the lumen and corrected if necessary. These pressures and the ECG were recorded on a direct-writing strip-chart recorder (model M-28, MFE Corp.), a tape recorder (model 5600C, Electronics for Medicine) and a photographic recorder (model 1856, Electronics for Medicine). The electromagnetic flow probe was calibrated in vitro by passing blood through the probe at a known rate. The flowmeter gain was preset to match the individual probes during the experiment and was corrected for the hematocrit value.
Experimental Protocol
To study the synergistic and separate effects of isolated RV dysfunction and pericardial-ventricular interactions, two groups of dogs were studied. In the 10 dogs in group 1, RVI was produced and the pericardium was left intact. Control measurements were recorded after 25-30 minutes. The hydraulic occluder was then inflated and 0.15 ml of elemental mercury was injected into the right coronary artery through the indwelling catheter over 5-10 seconds. Hemodynamic values stabilized 5-7 minutes after infarction and the hemodynamic and echocardiographic measurements were repeated. The pericardium was then opened laterally from the aorta toward the lateral RV free wall and measurements were again repeated after the hemodynamics had stabilized.
In the five dogs in group 2, a similar protocol was followed, except that after control recordings, the pericardium was opened along its lateral axis and measurements were made after the hemodynamics had stabilized but before injection of mercury. Mercury was then injected as in group 1 and measurements were recorded at the new level of stabilization.
Analysis of Data
Aortic, ventricular and pericardial pressures, and left ventricular positive maximal dP/dt were analyzed from the photographic recordings. Cardiac output data were obtained from the thermodilution cardiac output computer, except in three experiments in which stroke volume was derived from the aortic flow probe signal, which was displayed in the photographic recordings on a beat-to-beat basis. Because pulmonary artery pressure was not measured, an index of RV stroke work was calculated as: (RV peak systolic pressure -pericardial systolic mean pressure) -(RV diastolic mean pressure -pericardial mean diastolic pressure) X stroke volume X 0.0136. LV stroke work was calculated as: (LV systolic mean pressurepericardial systolic mean pressure) -(LV mean diastolic pressure -pericardial mean diastolic pressure) X stroke volume X 0.0136. Ventricular transmural pressures were calculated by subtracting pericardial end-diastolic pressure from ventricular end-diastolic pressure. An index of pulmonary vascular resistance was calculated as: (RV peak systolic pressure -LV diastolic mean pressure/cardiac output) X 80. Systemic vascular resistance was calculated as: (mean arterial pressure -RV diastolic mean pressure/cardiac output) X 80. Two-dimensional echocardiographic ventricular diastolic size was analyzed using a light-pen microcomputer system calibrated vertically and horizontally with an ultrasonic calibrating standard, which allows the operator the choice of three algorithms for calculating volumes from traced outlines. End-diastole was considered as the peak of the R wave of the QRS complex and end-diastolic frames were selected for optimal endocardial visualization. Ventricular outlines were traced by applying the light pen to the inner border of the chamber wall. The long axis for the arealength method was defined as the longest line running from the atrioventricular plane to the apex. Three separate frames at each measured period (control, 514 CI RCU LATION postinfarction and postpericardiotomy) were analyzed. The traced area outlines and lengths were stored in the computer memory and recalled individually to calculate an analog of LV volume by a single-plane area-length method.19-23 These measurements were used to estimate ventricular diastolic size and were expressed as relative percent sequential changes after interventions. Mercury distribution in the hearts was confirmed by postmortem radiography. Films of the intact heart from anteroposterior and right lateral views were obtained. The hearts were then dissected into RV free wall, LV free wall and septal sections, which were then individually filmed.
Statistical Analysis
Ten dogs in group 1 survived infarction. However, because five dogs died from arrhythmias immediately after pericardiotomy, only five dogs were available for postpericardiotomy analysis. Therefore, postinfarction data from group 1 were compared with control data in all 10 dogs by paired t test; postpericardiotomy data were compared with control and postinfarction data by a two-way analysis of variance. All data from group 2 experiments were analyzed by two-way analysis of variance. Significance was defined at the 95% level.
Results

Postmortem Radiographic Analysis of Intracardiac Mercury Distribution
The arterial circulation of the RV free wall was diffusely and uniformly filled with mercury in each experiment. The mercury was selectively distributed to the right ventricle; little or no mercury was present in the left ventricle or septum ( fig. 1 ).
Group 1
The hemodynamic abnormalities after RVI with the pericardium intact are summarized in table 1. Within 15-20 seconds after injection of mercury into the right coronary artery, RV peak systolic pressure (RVS), LV systolic mean pressure (LVSM), and aortic mean pressure (AoP) decreased. These pressures stabilized within 5-7 minutes after RVI ( fig. 2) . RVS decreased by an average of 27%, while LVSM and AoP decreased by 29%. RV stroke work decreased by 60% from control levels and LV stroke work decreased 54%. Cardiac output decreased 34%, and because the heart rate was constant, stroke volume decreased proportionately. There was no significant change in LV dP/dt.
RV end-diastolic pressure (EDP) increased by 3.1 + 1.8 mm Hg (p < 0.0005) and intrapericardial pressure increased by 2.9 + 2.2 mm Hg (p < 0.025). LVEDP did not change significantly. Despite an increase in intrapericardial pressure, RV transmural pressure, the true filling pressure of the right ventricle, increased by 0.7 ± 1.1 mm Hg (p < 0.05). The LV transmural pressure, however, decreased by 2.6 ± 1.5 mm Hg (p < 0.0005). Echocardiographic evaluation of ventricular volume revealed that RV end-diastolic ments as relative sequential changes in chamber size.
Another potential methodologic error in our study involves the measurement of intrapericardial pressure. For technical reasons, we found it necessary to use a balloon catheter rather than a catheter with an open side hole. While there may be a small overestimation of intrapericardial pressure measured in this manner, the directional changes in intrapericardial pressure in our study were consistent, and because each dog served as its own control, small measurement artifacts that might have been present would not significantly influence our findings. In the present study, RVI profoundly depressed RV function. RV stroke work decreased markedly despite increases in RV transmural pressure and diastolic size. LV preload decreased concomitantly, as shown by decreased LV transmural pressure and reduced diastolic size. LV stroke volume and LV stroke work also decreased. Therefore, it appears that the reduced systemic output that accompanies RVI results, at least in part, from reduced LV preload.
One mechanism of reduced LV preload in the presence of RVI appears to be marked RV dysfunction. Within a few minutes after RVI was produced, RV The increased intrapericardial pressure that occurred after acute RVI compromised LV filling and further reduced LV preload. In the experiments in which RVI was produced with the pericardium intact, intrapericardial pressure increased significantly and was associated with a marked reduction in LV diastolic size and LV transmural pressure. The decrements in LV stroke work, systemic pressure and cardiac output were more profound compared with the experiments where RVI was produced with the pericardium open. After pericardiotomy, there was a prompt increase in LV diastolic size and transmural pressure; RV transmural pressure also increased, and both RV and LV function improved. These findings indicate that the increased intrapericardial pressure imposed a significant restriction on diastolic filling of the ventricles. This was also evident because diastolic pressures equalized in the majority of the experiments in which RVI was produced with the pericardium intact, and because this hemodynamic abnormality disappeared after pericardiotomy. When RVI was produced with an open pericardium, the diastolic pressures did not equalize.
The pericardium is a stiff constraining shell characterized by a relatively steep pressure-volume relation. '8' 26 The massive RV dilatation accompanying RVI probably encroached significantly on intrapericardial volume and caused elevation of intrapericardial pressure. Although the increment in intrapericardial pressure caused a concomitant increase in LV diastolic pressure, there was a decrease in transmural pressure, the true filling pressure of the LV. As RV diastolic size increased, LV diastolic size decreased after RVI with intact pericardium. An acute increase in intrapericardial volume is likely to cause a disproportionate elevation of intrapericardial pressure and consequently compromise ventricular filling. 520 CIRCULATION Experimental studies of RVI, using cauterization of the RV free wall with an open pericardium, have shown no significant alteration in RV systolic pressure generation despite gross RV dilatation and loss of visible RV contraction. Though RV filling pressure increased, overall systemic output was not affected. 26 29 These studies concluded that isolated RV destruction would not adversely affect systemic output. However, the failure to produce impairment of RV systolic pressure generation and the lack of an intact pericardium are major limitations of these studies. In the experimental animal, simple occlusion of the right coronary artery will not produce RVI unless there is preexistent right ventricular hypertrophy.30 32 Brooks et al.30 combined right coronary artery occlusion with pulmonary outflow tract obstruction and produced rapid failure of RV pressure generation and subsequent decreases in LV transmural pressure and systemic output. Though this model combined acute cor pulmonale with RV ischemia, the findings of impaired RV systolic pressure development, RV dilatation, decreased LV filling and low output are complementary to ours. Berglund et al. 33 produced LV dilatation and elevated intrapericardial pressure by obstructing the aortic outflow tract. They also found a limitation to RV filling and decreased RV output. The notion that alterations in systolic and diastolic function of the RV can adversely affect the filling and output of the LV has been well substantiated. The results of this experimental study must be extrapolated to clinical RVI with caution. The extent of damage to the right ventricle was severe; in clinical RVI, extensive damage is not frequently seen, which explains the relatively low incidence of severe lowoutput state in these patients. Further, clinical RVI is seen almost exclusively in patients with LV infarction. Thus, the contribution of LV dysfunction in the genesis of a low-output state in these patients must be considered. Nevertheless, the results in the present study may provide some insight regarding the pathophysiologic mechanisms underlying the hemodynamic changes with clinical RVI. The demonstration of primary RV systolic dysfunction, with resultant reduction in LV preload and systemic output, is analogous to the clinical presentation of hypotension and right-heart failure without signs of pulmonary venous congestion. Our experimental observation that the pericardium must be intact for diastolic ventricular pressures to equalize suggests that the pericardium is at least partly responsible for this hemodynamic phenomenon. The more profound hemodynamic compromise accompanying RVI produced with intact pericardium and resolution of the diastolic equalization pattern and significant hemodynamic improvement after pericardiotomy suggest that increased intrapericardial pressure may be an important mechanism in the pathophysiology of low cardiac output in clinical RVI.
In the present study, the hemodynamic changes resulted from isolated RV systolic dysfunction and elevated intrapericardial pressure. The comprehensive effects of these pathophysiologic mechanisms may be further exacerbated in the presence of abnormal LV function, where delivery of inadequate preload to the left ventricle that may critically depend on increased end-diastolic volume might further compromise cardiac output. Thus, a degree of RV systolic dysfunction that might have trivial effects on a left ventricle with well preserved function could have significant impact on cardiac performance in the presence of marked LV dysfunction.
In conclusion, the evidence from the present study emphasizes the importance of a functional right ventricle in the maintenance of cardiac output. Low cardiac output in experimental RVI is due primarily to reduced LV preload, which results in part from depressed RV function. Elevated intrapericardial pressure secondary to RV dilatation further reduces LV preload and produces diastolic pressure equalization. Pericardiotomy after RVI improves LV filling and results in increased cardiac output.
